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Abstract 
Hybrid power systems need to be evaluated based on the requirements of high penetration renewable energy technology 
applications. Additionally, modeling and analysis storage systems integration are also necessary to increase the effectiveness of 
hybrid power configurations. In the present talk, a software based simulation to understand the hybrid power systems response 
considering various renewable energy technologies and energy storage options is presented, the solution to the problem allows 
the decision maker to quickly reach an optimal decision when considering the introduction of renewable energy sources to a 
micro-grid when taking into account the proper mathematical forecasts of both wind and solar resources, as well as considering 
accurate demand predictions and possible future economic scenarios. The paper explores the limitations of the software as well as 
its capabilities when modeling different sizes of hybrid micro-grids. 
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1. Introduction 
The process of delivering electricity to the end user can be divided in 3 main stages: Production, Transmission 
and Distribution [1]. During the first stage (Production), electricity is “produced” at big power plants by different 
means which can be classified as renewable and non-renewable sources. The term renewable is used to refer to 
methods that don’t pollute (or pollute less than the non-renewable sources) and that are friendlier to the environment 
than the traditional methods. The Non-Renewables sources also called traditional power sources contribute more to 
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the pollution of the environment of our planet. However, these methods are more common since their technologies 
were developed and implemented first globally in comparison with the renewable sources which are relatively new 
technologies.  
The second stage stated as the “Transmission Stage” refers to the big power lines of high voltage ranging from 
345kV to 1000 kV [2] that are used to deliver electricity through long distances from the power plants to the cities 
and towns where it is consumed. The third stage known as the “Distribution Stage” is the complex electric network 
within the cities and towns which delivers lower voltage electricity to the different homes, hospitals, factories, 
campuses, etc. The distribution power lines as well as the higher transmission lines and all of their related 
components are property of the electric provider, the city or the state governments depending on the contract. The 
components of the 1st, 2nd and 3rd stage all together are commonly referred to with the term Power Grid. However for 
the 3rd stage (distribution), the end user is the owner of the electric components and lines of their own house, 
business, hospital or other, usually starting at the meter (where sometimes the feeders are also property of the end-
user depending on the contract) and this last network of lines and components are known as Micro-Grids.  
There are many Micro-grids, one for every house, hospital, etc. Although sometimes the Micro-Grid network is a 
bit more complex, comprising several buildings and offices at the same time, such as a university campus with many 
different departments; the size and definition of a Micro-grid can vary depending on the application, ranging from a 
single house, to a small city controlled by a private owner, such as a religious community or military complex. The 
method utilized in this paper can be replicated for similar projects and hence be used as a framework to find the 
optimum solution for supplying energy for hybrid-micro systems, by expanding the tool HOMER®. 
2. Problem Description 
The different Power-grids and Micro-grids were designed for the transmission and distribution of electricity 
coming from the traditional power sources (non-renewables) which produce electricity by means of fossil fuels and 
nuclear [3,4]. These methods have the advantage that are fairly constant and smooth regarding the variances and 
output levels of electricity, on the other hand the renewable energy sources especially wind and solar power, are 
dependents on the weather and other meteorological factors, implying great variances in the electric output. 
The traditional power sources are also relatively easy to “turn on and off”, which makes them a very useful option 
when trying to produce a controlled amount of electricity to meet different electric demands. Fossil fuel power 
sources depend on the amount of available fuel in order to run the electric generators, which in consequence, brings 
the inevitable downside that the fossil fuels are getting depleted world-wide implying that the prices will rise 
possibly by the year 2019 [5, 6], and that the pollution generated by the traditional methods of obtaining electricity 
by the usage of fossil fuels is causing an estimated mean global temperature rise of ͳǤʹͷ േ ͲǤʹͷԨ [7]. 
On the other hand, the renewable power sources are becoming cleaner and pollute less than the traditional fossil 
fuel power sources [8], and are more popular: even during the economic recession of 2008 the market of renewable 
energy continued to grow [9]. Some renewable energy sources such as wind and solar, present a problem when their 
implementation is tried to be realized: due to the great variances in the electric output considering that the pre-
existing power-grids and micro-grids were designed for traditional power sources (constant output), finding the 
optimum solution of power source combinations as well as the proper delivery strategies is a complex problem that 
needs to be adequately addressed. This problem is called the renewable energy systems integration problem: the 
hybrid systems most of the times present the high variability due to the renewable fraction of energy running within 
the system, but lack the controls and strategies since most lines and components were originally designed for a fairly 
constant electric flow (from the traditional non-renewable sources).  
This problem can be solved for power grids with the introduction of Smart-Grids. A Smart-Grid basically runs a 
computer wire along with the distribution lines that, together with several thousands of data collection points 
distributed around the city, allows the electric company to quickly decide on what to produce and where in order to 
“tail” the demand [1]. These calculations and decisions are done by a computer since are so fast that no human can 
perform such tasks. A Smart-Grid also has big batteries (or other types of storage devices) located around the city to 
handle the extreme variances. The basic problem however remains the same: it is a supply and demand problem. 
The renewable energy systems integration problem also can be considered as combinatorial optimization problem, 
in which there may be many possible combinations of different power sources and components to supply the electric 
demand, where each combination can be based on traditional power sources, renewable sources, or a combination of 
both (hybrid system). In the present research, the following questions are addressed: 1) what is the optimum 
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combination of energy sources to supply a certain electric demand? and 2) what is the proper storage system to 
support its operation? It is notorious from the figure 1 above that the electricity produced at certain times may be 
used (or should be considered as an option) at different times, similar to as having inventory by the use of Large 
Scale Energy Storage Systems (LSES).  
3. Methodology, Introducing HOMER® 
When introducing solar and wind power to a Micro-grid, hourly measures from the wind and solar resources are 
required in order to provide proper forecasts of the electric production [10]. From the information collected, then 
different combinations of power sources can be considered for many different possible scenarios corresponding to 
the forecasted meteorological and economic behaviours during the expected length of the project in study.  
In many cases the most difficult stage is collecting accurate data of the hourly demand of the micro-grid being 
analysed, as well as the wind and solar measurements of the site. The solar resources however can be obtained by 
using the software since it can download historical data obtained by NASA, and for wind resources the National 
Climatic Data Center of the U.S. Department of Commerce has very good databases available at: 
http://lwf ncdc.noaa.gov/oa/ncdc html. Once, the data is collected, including the location coordinates of the micro-
grid and the wind measures from the specific location along with other required specific parameters for each source 
of electric energy, it is possible to use the tool HOMER® (available at http://www homerenergy.com) in order to 
obtain the best solution based on the Total Net Present Cost of the entire length of the project life-cycle. The solution 
obtained using HOMER® is based only in the total system cost, but often the pollutant emissions and environmental 
impacts are considered as part of the decision making. Therefore in the present work, the software is utilized and 
analysed from where different possible utilizations are found, by means of a case study in the next section. 
3.1. Case Study 
A certain laboratory has the following electric demand: 
Table 1: Electric Demand (mean) of Micro-grid (AC) 
 t 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
kW
 J
an
-
A
u g
 4
7.
0 
4
6.
1 
4
4.
8 
4
3.
8 
4
2.
7 
4
2.
1 
4
2.
8 
4
3.
2 
4
5.
8 
4
7.
5 
4
9.
3 
5
1.
2 
5
0.
6 
5
0.
2 
5
1.
7 
5
1.
4 
4
9.
6 
4
8.
4 
4
7.
7 
4
6.
3 
4
6.
3 
4
6.
5 
4
6.
2 
4
6.
7 
Se
p-
D
ec
 4
6.
0 
4
5.
4 
4
4.
3 
4
3.
6 
4
2.
5 
4
1.
6 
4
2.
4 
4
2.
7 
4
5.
4 
4
7.
2 
4
8.
5 
5
0.
6 
5
0.
1 
4
9.
9 
5
0.
9 
5
1.
2 
4
9.
3 
4
8.
3 
4
7.
7 
4
5.
4 
4
6.
2 
4
6.
4 
4
6.
0 
4
6.
4 
 
The daily random variability and time-step to time-step random variability are both 8% for all months. The 
laboratory is currently connected to the power grid with a permanent rate of $0.15 per kWh. The location is El Paso 
Texas with Latitude 31°47’ N, Longitude 106°25’ W and time zone GMT-07:00 Mountain Time producing an 
Average Clearness Index of 0.649 and Daily Radiation Average of 5.584 Ȁ̰ʹȀ, and where the wind speed 
calculated by the National Climatic Data Center for each month is shown in table 2 below. 
Table 2: Average Wind Speed for El Paso TX 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Wind 
speed (m/s) 8.3 9.1 10.9 11 10.3 9.3 8.3 7.7 7.6 7.5 8 7.9 
 
The annual interest rate is estimated to be 6% during the next 25 years of the project life-time. The price of diesel 
is 0.8 $/L and the dispatch strategy for the micro-grid is cycle charging at 80% set-point for the energy storage 
systems. The different storage systems considered are: 
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1. Batteries of 6V, 1156Ah, 6.94 kWh, (model: Vision CP12240D) with capital and replacement costs of 
$1500 dollars each. 80% round-trip efficiency, 40% min. state of charge, 12 years float life, 9645kWh 
lifetime throughput, 1A/Ah as the max charge rate and 41A as the max charge current. 
2. Electric Vehicles connecting their batteries: 12V, 200Ah, 2.4kWh, with capital and replacement costs of 
$100 each only for the battery, 80% round-trip efficiency, 40% min. state of charge, 10 years float life, 
917kWh lifetime throughput, 1A/Ah as the max charge rate and 60A as the max charge current. 
3. Flywheel: 500kVA, 18MWs, availability of 100%, with 500kW charge/discharge capacity and 15kW 
parasitic load. Capital and Replacement Costs of $3,200 with 15 years expected lifetime. 
4. The power sources considered for introduction into the Hybrid Micro-Grid are the following: 
5. AC-Diesel Generators of 15kW capital and replacement costs of $6,690 each. Intercept fuel coefficient of 
0.08 L/h/kW and a slope of 0.25 L/h/kW for fuel efficiency curve, lifetime of 15,000 operating hours and 
30% minimum load ratio. Standard emissions of 6.5 g/L of fuel for carbon monoxide, 0.72 g/L of fuel for 
unburned hydrocarbons, 0.49 g/L of fuel for particulate matter, 58 g/L of fuel for Nitrogen Oxides and 
2.2% of fuel sulfur is converted to PM. 
6. Photo-Voltaic Cells of 10 kW-DC, capital and replacement costs of $30,000 each. $100 yearly maintenance 
costs, 20 years lifetime, 80% derating factor,  31.7833° slope, 0 ° W of S Azimuth, and a 20% ground 
reflectance. 
7. 3 kW-DC Generic Wind Turbines of $14,797 capital and replacement costs, lifetime of 15 years, and 25 m 
hub-height. 
8. The DC and AC components are connected through 1000 kW converters with capital an replacement costs 
of $300, 90% inverter efficiency and 85% rectifier efficiency, with a lifetime of 15 years. 
The software explores all possible solutions considering different combinations of batteries, electric vehicles, 
Flywheels, Diesel generators, photovoltaic cells and wind turbines to find the best solution that produces the 
necessary electricity to satisfy the required demand based on the minimization of the Total Net Present Cost of the 
lifecycle of the Micro-Grid. Information on the devices can be found in the Manufacturer’s websites such as 
www rollsbattery.com, www fueleconomy.gov, www.bdbaterries.com, among others [11]. 
3.2. Software Results 
The results are presented in the form of a list ranked from top to bottom being the top the best answer and the 
worst at the bottom [12] as shown in Figure 1. These results are considering only the single objective function of 
minimizing the Total Net Present Cost of the entire project. 
Given the nature of the algorithm utilized by the software, it is restricted to relatively small sized problems 
(Micro-grids from around 2 kW to 2 MW) as of where the entire set of combinations is analysed one by one, and 
only the best answers are saved. If the universe of combinations is too large the software crashes due to the large 
amount of memory utilized also showing increasing computational time. For the case study presented in this paper 
the software ran for approximately 2 hours. 
 
Fig. 1. Results obtained 
The results shown in Figure 2 are based only the minimization of the Total Net Present Cost of the entire project, 
but in the present paper, a methodology to expand these “single-objective optimization answers” into “multiple-
objective optimization solutions” is presented. 
Two other simultaneous objectives other than just the economic factor can be considered: to minimize Global 
Warming Potential (GWP) and to minimize Nitrogen Oxides Emissions (NOx). As it can be seen, these three 
objectives are in conflict with each other when optimized simultaneously, meaning that when one objective is 
minimized, the other 2 objectives may increase or present different unknown patterns. In essence, it is possible to 
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obtain the GWP and NOx emissions by hand for each of the combinations found by HOMER® by utilizing the 
registered releases to air during the project lifecycle. The formulas to obtain C02 equivalents and GWP are not 
discussed in this paper. From the corresponding GWP and NOx obtained from the emissions of each of the 
combinations, a new table of solutions can be made, with more columns belonging to the net GWP and NOx 
emissions values for each combination of the Hybrid system. 
4. A Multi-Objective Utilization of the HOMER®: The Pareto-Front 
Most engineering problems have different design criteria or objectives to be considered simultaneously, for where 
in most cases those objectives are conflicting between each other and this is known as multi-objective problems, and 
we propose that HOMER® can be utilized for this even when is a single objective tool. A general mathematical 
formulation of a multi-objective problem is found in [13] in where the idea of the Pareto-Front is to compare all 
solutions against each other, where the best fitted solutions dominate the weaker who in turn are said to be 
dominated. The set of non-dominated solutions is known as the Pareto-Front. A solution ࢞ଵ dominates a solution ࢞ଶ 
if and only if the two following conditions are true: 
 
1. ࢞ଵ is no worse than ࢞ଶ in all objectives, i.e. ݂ሺ࢞ଵሻ ൑ ݂ሺ࢞ଶሻ ׊ ݅ǡ ݅ א ሼͳǡʹǡǥ ǡ ݊ሽ 
2. ࢞ଵ is strictly better than ࢞ଶ for at least one objective, i.e. ࢌሺ࢞ଵሻ ൏ ݂ሺ࢞ଶሻ for at least one ݅ 
 
If we apply the Pareto dominance procedure to the obtained set of solutions after calculating the corresponding 
GWP and NOx emissions for each obtained result then, the Pareto Front set of solutions is the shown in table 3. 
In this case we obtain 5 solutions that have not been dominated by any other: meaning that from the 200 solutions 
obtained by using HOMER® for the single objective of minimizing Total NPC, then when the other 2 objectives are 
evaluated for those same obtained combinations, we can apply a non-dominance test to find which solutions 
optimize the 3 objectives simultaneously. The Pareto-Front graph is in the figure below. 
 
 
Fig. 2: Pareto Front Obtained from the Expanded Answers from HOMER® 
The 5 solutions are the following: 
Table 3: Average Wind Speed for El Paso TX 
 
ID Grid PV WT DG Bat FW Conv TNPC GWP NOx  
 (kW) (kW)  (kW)   (kW) ($) (CO2eq) (kg/yr) 
1 1000 0 17 0 0 0 1000 737,514 130,238 276 
5 1000 0 18 0 0 0 1000 738,857 122,634 260 
13 1000 0 19 0 0 0 1000 742,417 115,029 244 
51 1000 0 20 0 0 0 1000 748,164 107,425 228 
112 1000 0 12 15 0 0 1000 753,955 104,626 222 
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5. Conclusions 
 
In the present work, a modeling and simulation methodology using a micro power optimization software 
(HOMER®) to solve the multi-objective renewable energy integration problem considering various renewable 
energy technologies was presented. Expanding the answers obtained from the single objective tool HOMER® 
appears to be a fast way of obtaining multiple-objective solutions which avoids the re-formulation of the Renewable 
Energy Integration Problem and provides real solutions belonging to the Pareto Front. The number of solutions is 
small and could be given to the decision makers as good estimates of the ranges in which the hybrid system is 
working. A clear disadvantage of the software is that it assumes the Micro-Grid will remain stationary during the 
entire study period (no future installations, or upgrades to new technologies are allowed). Also the sensitivity 
analyses do not provide statistical confidence intervals but only “what if” cases as alternative scenarios. This 
approach may be used in any Micro-Grid where multiple simultaneous objectives are considered, by expanding the 
answers provided by HOMER® from single objective to a multiple objective analysis, and then selecting a single 
answer from the set of solutions comprising the Pareto-Front. 
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